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It has been demonstrated that high-strength concrete (HSC) is able to improve the strength-to-weight ratio of
reinforced concrete columns and maximise the usable areas of tall buildings. However, closely spaced transverse
reinforcement needs to be installed to provide stronger confinement for averting brittle failure of HSC. To resolve the
problem, double-skinned concrete-filled-steel-tubular (CFST) columns have been advocated, which eliminates the steel
congestion problem for better concrete placing and reduces the concrete arching action thus providing a more uniform
confining pressure. Despite these advantages, a major shortcoming of double-skinned CFST columns is that imperfect
interface bonding occurs in the elastic stage that reduces elastic strength and stiffness. Thus, the authors proposed to
adopt external confinement to restrict the lateral dilation of the outer tube of double-skinned CFST columns. To verify
the effectiveness of the proposed external rings, a total of 20 double-skinned normal- and high-strength CFST columns
were tested. From the test results, it was observed that the stiffness, axial load-carrying capacity and ductility of ring-
confined double-skinned CFSTcolumns were significantly higher than the unconfined columns.
Notation
Di inner diameter of inner tube of double-skinned CFST
column
Do outer diameter of outer tube of double-skinned CFST
column
f 0c uni-axial concrete compressive strength represented by
cylinder strength
f y,i uni-axial yield strength of inner tube of double-skinned
CFST column
f y,o uni-axial yield strength of outer tube of double-skinned
CFST column
f y,R uni-axial yield strength of external steel ring
ti thickness of inner tube of double-skinned CFST column
to thickness of outer tube of double-skinned CFST column
 hollow section ratio
 ductility factor
Introduction
As filler technology develops (Goldman and Bentur, 1993; Haque
and Kayali, 1998) and quality control improves, it is possible to
produce high-strength concrete (HSC) of concrete compressive
strength up to 120 MPa in industry. There are plenty of advan-
tages of using HSC rather than normal-strength concrete (NSC)
such as higher strength-to-weight ratio, stiffness and reduced
member size. Owing to these merits, HSC is helpful in achieving
more efficient floor plans by reducing the size of the vertical
structural members and saving construction costs by reducing the
construction materials. Furthermore, because of the higher stiff-
ness of HSC, the overall and inter-storey drift ratios of tall
buildings are effectively limited to within serviceability limit
states (Zohrevand and Mirmiran, 2013). However, the application
of HSC (of compressive strength higher than 100 MPa) in
practical column construction is still quite limited. The maximum
concrete strength that is commonly adopted in practical construc-
tion is limited to 80–100 MPa.
Owing to its brittleness, it may not be appropriate to use ultra-HSC
in column construction (Cusson and Paultre, 1994; Gettu et al.,
1990; Ho and Zhou, 2011; Marzouk and Chen, 1995; Zhou et al.,
1995) if there is no adequate confinement. The traditional method
of providing sufficient confinement to prevent explosive failure of
HSC is to install closely spaced transverse reinforcement (stirrups)
to protect the concrete. However, as the effectiveness of transverse
reinforcement reduces significantly with concrete strength, the
required amount of confinement increases drastically, which
prevents proper concrete placing quality. Furthermore, the con-
fined concrete to section area ratio is rather low in reinforced
concrete (RC) for two reasons: (a) the transverse reinforcement
has to be installed inside the concrete cross-section to leave
sufficient concrete cover for corrosion protection of reinforcement;
(b) concrete arching action, which occurs between stirrups in both
the vertical and horizontal planes, reduces the volume of effec-
tively confined concrete. To increase the limit of concrete strength
that can be adopted in column construction, a single-skinned
concrete-filled-steel-tubular (CFST) column was proposed: these
columns are becoming increasingly popular in industry. The
single-skinned CFST columns provide larger, more uniform and
continuous confining pressure to the core concrete (Giakoumelis
and Lam, 2004) to reduce the adverse effect of arching action and
prevent the explosive failure of the HSC to achieve better strength
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(De Nardin and El Debs, 2007; Kitada, 1998; Kuranovas et al.,
2009; de Oliveira et al., 2010; Schneider, 1998; Szmigiera et al.,
2010), ductility (Elremaily and Azizinamini, 2002; Kwon et al.,
2007; Sakino et al., 2004; Young and Ellobody, 2006) and seismic
performance (Chitawadagi and Narasimhan, 2009). Besides, from
a practical construction point of view, the steel tube provides
permanent formwork so that no extra formwork is required for
concreting, which saves the construction materials, reduces the
construction cost and shortens the construction cycle time.
However, single-skinned CFST columns have some disadvantages:
(a) the strength-to-weight ratio is limited because the concrete near
the centre is relatively less effective in providing bending and
torsion resistance; (b) the initial elastic dilation of concrete is
small when compared with steel, and thus the confining pressure.
Consequently, the central part of concrete can be effectively
replaced by a hollow steel tube of much lighter self-weight, while
at the same time maintaining a similar uni-axial, bending and
torsion capacity. This type of column construction that utilises two
steel tubes, with the smaller steel tube located concentrically
inside the bigger steel tube and with the annulus between these
tubes filled up with concrete, is known as double-skinned CFST
columns (Shakir-Khalil, 1991). Double-skinned CFST columns
have some advantages over single-skinned CFST columns. From a
structural point of view, double-skinned CFST columns have
higher uni-axial strength (Han et al., 2011; Tao et al., 2004;
Uenaka et al., 2010; Wright et al., 1991; Yang et al., 2008; Zhao
and Grzebieta, 2002; Zhao et al., 2002), bending stiffness, moment
capacity (Han et al., 2004; Lin and Tsai, 2001; Lu et al., 2009;
Tao and Han, 2006), better ductility (Zhao and Grzebieta, 2002)
and excellent seismic performance (Zhao et al., 2010). The
strength-to-weight ratio is largely improved owing to the cavity
inside the inner steel tube. The inner steel tube will dilate and push
outwards under uni-axial compression and exert a stronger confin-
ing pressure to the sandwich concrete to improve the interface
bonding condition and the confining pressure at the elastic stage.
From a cost-effectiveness of point of view, the inner and outer
steel tubes act as formwork for concrete placing, which reduces
the construction cost and cycle time. From an environmental point
of view, steel is more recyclable than concrete, so less demolition
waste would be produced. The size of double-skinned high-
strength concrete-filled-steel-tubular (HSCFST) columns can be
30% slimmer than RC columns with the same load-carrying
capacity. Finally, the cavity inside the inner tube also provides a
dry atmosphere for possible catering for facilities and utilities such
as power cables, drainage pipes and telecommunication lines.
However, one major problem associated with both single- and
double-skinned CFST columns is the imperfect interface bonding
(Huang et al., 2011; Wei et al., 1995) that occurs within the elastic
stage owing to the smaller lateral expansion of concrete (Ferretti,
2004; Ko¨ster and Franz, 1961; Lu and Hsu, 2007; Persson, 1999)
compared with that of steel tube. Therefore, the confining pressure
may not be activated in the elastic stage, which is likely to generate
tensile stress between the outer steel tube and concrete and
produce microcracking in the concrete. To avoid this happening,
the authors in this paper proposed to adopt external steel rings
welded on the outer steel tube to limit the lateral expansion of the
outer tube (Dong and Ho, 2012; Lai and Ho, 2012) so that the
confining pressure can be developed and the debonding effect can
be eliminated. By adopting this method, the bonding condition
between the outer tube and core concrete is restored owing to the
external steel rings, while the intact bonding condition between
the inner tube and core concrete is provided owing to the larger
lateral dilation of steel. In the past, a similar method to restore
intact interface bonding at elastic stage had been used by internal
stiffeners (Dabaon et al., 2009; Huang et al., 2002; Lee and Yoo,
2012; Tao et al., 2005; Tao et al., 2007), tie bars (Ho and Luo,
2012) and binding bars (Cai and He, 2006). However, it was found
that the internal stiffeners are relatively difficult to install for
CFST columns, particularly for columns with a small hollow ratio
(i.e. hollow to cross-section area ratio). For tie or binding bars, the
second moment of area of the steel tube is reduced owing to drilled
holes, which decreases the buckling resistance. As an alternative
to these methods, external steel rings are proposed in this study,
which are more effective and easier to install.
In this study, the uni-axial behaviour of unconfined and ring-
confined double-skinned CFST columns is investigated in terms
of load-carrying capacity, stiffness, elastic strength and ductility
factors. From the experimental results, it is observed that the
load-carrying capacity, stiffness, elastic strength as well as
ductility factor are significantly improved for ring-confined
double-skinned CFST columns. Finally, to verify the effectiveness
of the external steel rings on restricting the lateral expansion of
the steel tube, a representative Poisson ratio of the steel tube is
obtained from the tests, which indicates that the steel rings are
quite effective in restoring the interface bonding conditions.
Test programme
Details of specimens
In this paper, a total of 20 double-skinned concrete-filled-steel-
tubular columns have been produced and tested. The specimens
were divided into four groups based on the provision of confinement
and the hollow ratio  (defined as  ¼ Di=(Do  2to)), whereDi and
Do are the diameters of the inner and outer tubes (measured to the
outer surface) respectively, and to is the thickness of the outer tube
j four double-skinned CFST columns with a hollow ratio of
0.56 and external steel rings of various spacing (5to, 10to,
15to and 20to, 5to represents the ring spacing is five times the
thickness of the outer steel tube)
j four double-skinned CFST columns with a hollow ratio of
0.72 and external steel rings of various spacing (5to, 10to,
15to and 20to)
j one double-skinned CFST column with a hollow ratio of 0.56
but without external steel rings
j one double-skinned CFST column with a hollow ratio of 0.72
but without external steel rings.
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The concrete cylinder strengths on the testing day were 50 MPa
(NSC) and 85 MPa (HSC) respectively for these two sets of
specimens. The grade of both inner and outer steel tubes was S355
produced as per BS EN 10210-2:2006 (BSI, 2006). For all speci-
mens, the thickness of both inner and outer steel tubes was 5 mm
and the outer diameter of the outer steel tube was 168.3 mm. For
double-skinned CFST columns with hollow ratios of 0.56 and
0.72, the outer diameters of inner tubes were 88.9 mm and
114.3 mm (measured to the outer surface) respectively. The total
height of all tested specimens was 330 mm (aspect ratio of 2).
Figure 1(a) shows a typical double-skinned CFST column with
external confinement. Figure 1(b) shows a typical double-skinned
CFST column without external confinement. The outer diameter
of inner tubes are 88.9 mm and 114.3 mm for type A and type B
specimens respectively.
The external steel rings were made of mild steel round bars of
8 mm diameter. The yield strength of the steel bars was
fy,R ¼ 300 MPa. The rings were welded to the outer tubes at
different spacing with a lap length of ten times the diameter of
the steel bar (i.e. 80 mm). Each ring was welded to the outer tube
at eight locations with a central angle of 458 separated from each
other. The details of the external steel rings are shown in Figure
2. The section and material properties of the specimens are
summarised in Table 1.
A naming system consisting of two letters and two numbers has
been used to represent the specimens. For instance, ‘D-A-50–50’
represents a double-skinned CFST column (indicated by the first
letter ‘D’), of type A as shown in Figure 1(a) (indicated by the
second letter ‘A’), with a concrete cylinder strength of about
50 MPa on the testing day (indicated by the first number ‘50’),
and the ring spacing of 50 mm (indicated by the last number
‘50’). Alternatively, ‘D-B-85–0’ represents a double-skinned
CFST column (indicated by the first letter ‘D’) of type B as
shown in Figure 1(b) (indicated by the second letter ‘B’), a
concrete cylinder strength of about 85 MPa on the testing day
(indicated by the first number ‘85’), and lastly no external steel
ring (i.e. zero spacing indicated by the last number ‘0’).
Instrumentation
The instrumentation adopted in this study is outlined below.
(a) Strain gauges: Two-dimensional strain gauges of type FCA-
5–11–3L produced by Tokyo Sokki Kenkyujo Co. were
adopted to measure the longitudinal and transverse strains of
the specimens. Three two-dimensional strain gauges were
installed at the mid-level of the outer tube with a central
angle of 1208 separated from each other. Figure 3 shows the
details of the two-dimensional strain gauges.
(b) Linear variable differential transducers (LVDTs): Three
LVDTs with 100 mm stroke were used to measure the axial
shortening of the specimen during the test. They were
installed to measure the movement of the bottom plate
relative to the top plate, which were separated from each
other with an angle of 1208 at the centre of the specimen.
The average value of the readings obtained from these
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88·9 (114·3) mm
33
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m
m
Type A (B)
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Figure 1. Schematic drawings of typical double-skinned CFST
columns: (a) with external confinement; (b) without external
confinement
A A
s
s
s
s
5 mm
8 mm
168·3 mm
Section A–A
X represents the positions of welding
s (mm)
5to
10to
15to
20to
25
50
75
100
Figure 2. Details of external steel rings
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LVDTs would be taken as the measured axial shortening of
the specimen. Figure 4 shows the details of the LVDTs.
(c) Circumferential extensometers: Circumferential
extensometers were used to measure the lateral expansion of
the specimens within the elastic stage. The circumferential
extensometers were removed when the measured lateral
expansion was about to reach the measure limit of 6 mm.
Two circumferential extensometers were installed at the
locations which are 1/3 and 2/3 of the total height of the
specimens to avoid clashing with the external steel rings. The
installation details of the circumferential extensometers are
also shown in Figure 4.
Test set-up and procedure
The test was carried out by a 5000 kN compression machine (as
shown in Figure 5). The test was conducted under displacement
control and with initial load rate of 0.3 mm/min that was
Specimen label Di: mm ti: mm f y,i: MPa Do: mm to: mm f y,o: MPa f
0
c: MPa f y,R: MPa
D-A-50–25 88.9 5 450 168.3 5 360 50 300
D-A-50–50 88.9 5 450 168.3 5 360 50 300
D-A-50–75 88.9 5 450 168.3 5 360 50 300
D-A-50–100 88.9 5 450 168.3 5 360 50 300
D-A-50–0 88.9 5 450 168.3 5 360 50 —
D-B-50–25 114.3 5 430 168.3 5 360 50 300
D-B-50–50 114.3 5 430 168.3 5 360 50 300
D-B-50–75 114.3 5 430 168.3 5 360 50 300
D-B-50–100 114.3 5 430 168.3 5 360 50 300
D-B-50–0 114.3 5 430 168.3 5 360 50 —
D-A-85–25 88.9 5 450 168.3 5 360 85 300
D-A-85–50 88.9 5 450 168.3 5 360 85 300
D-A-85–75 88.9 5 450 168.3 5 360 85 300
D-A-85–100 88.9 5 450 168.3 5 360 85 300
D-A-85–0 88.9 5 450 168.3 5 360 85 —
D-B-85–25 114.3 5 430 168.3 5 360 85 300
D-B-85–50 114.3 5 430 168.3 5 360 85 300
D-B-85–75 114.3 5 430 168.3 5 360 85 300
D-B-85–100 114.3 5 430 168.3 5 360 85 300
D-B-85–0 114.3 5 430 168.3 5 360 85 —
Table 1. Details of specimens and materials summary
120°
Location of strain gauge
Mid-level of
outer tube
Figure 3. Details of strain gauges
LVDT3 Extensometer
LVDT1
 
LVDT2
Strain gauge
Extensometer
Figure 4. Details of LVDTs and circumferential extensometers
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increased incrementally by 0.05 mm/min for every 10 mm in-
crease in axial deformation. The steel tubes and infilled concrete
were loaded simultaneously through a loading platen. To ensure a
flat loading surface, a layer of gypsum was applied to the top
surface of the specimen. Before the test started, the specimen was
preloaded to about 100 kN (within the elastic portion of the
specimen) to make sure that the gypsum was in good contact
with the loading platen and the specimen. Once the gypsum was
hardened, the specimen was unloaded and tested. The test was
ended when the load dropped to 85% of the maximum load.
Discussion of test results
Axial load–displacement curves
The axial load is plotted against the displacement for unconfined
and ring-confined double-skinned normal-strength concrete-filled-
steel-tubular (NSCFST) columns with  ¼ 0.56 (type A) and
 ¼ 0.72 (type B) and f 9c ¼ 50 MPa in Figure 6(a) and Figure
6(b) respectively. The y-axis represents the axial load measured
during the test, while the x-axis represents the axial displacement
measured by the LVDTs, which was taken as the average reading
measured. It can be found from the figures that the stiffness,
load-carrying capacity and ductility of confined double-skinned
NSCFST columns is noticeably larger than the unconfined
double-skinned NSCFST columns (except for D-A-50–100,
which had an exceptionally low strength and ductility caused by
the poor compaction of concrete).
It is observed that the stiffness, ductility and load-carrying
capacity increased as the ring spacing reduced. This is because
specimens with smaller ring spacing were subjected to a more
uniform, continuous and larger confining pressure so that a
higher axial strength could be attained at a given displacement.
Furthermore, the provision of rings also reduced the effective
length of the outer steel tube, and delayed the buckling of the
steel tube. The external rings also restricted the lateral deforma-
tion of the double-skinned NSCFST columns and hence im-
proved the steel–concrete interface bonding condition. All these
phenomena would improve the axial strength of the columns
significantly.
Comparing Figure 6(a) and 6(b), it is found that the maximum
load-carrying capacity of the double-skinned NSCFST specimens
with a lower hollow ratio was larger than those with a higher
hollow ratio. This is because specimens with lower hollow ratio
had a larger concrete cross-sectional area, which increased the
loading-carrying capacity. With respect to ductility indicated by
the slope of the descending branch of the load–displacement
curve, it is seen that specimens with a lower hollow ratio had
larger ductility. The descending portion was initiated at 0.09 axial
strain (about 30 mm) for double-skinned CFST columns with a
hollow ratio of 0.56, while it was initiated at 0.06 axial strain
(about 19 mm) for double-skinned NSCFST columns with a
hollow ratio of 0.72. This is because the axial behaviour of
double-skinned NSCFST columns with smaller hollow section
(i.e. larger concrete cross-section area) is governed by the
strength and ductility of concrete, which have been significantly
improved owing to confinement provided by the steel tube.
The axial load is plotted against the displacement for unconfined
and ring-confined double-skinned HSCFST columns with
 ¼ 0.56 and  ¼ 0.72 and f 9c ¼ 85 MPa in Figure 6(c) and Figure
6(d) respectively. It can be found from the figures that the
stiffness, load-carrying capacity and ductility of confined double-
skinned HSCFST columns were considerably larger than the
unconfined double-skinned HSCFST columns. The stiffness,
ductility and load-carrying capacity increased as the ring spacing
decreased, as per the reasons above.
Comparing Figure 6(c) and 6(d), it is found that the maximum
load-carrying capacity of the double-skinned HSCFST columns
with lower hollow ratio was larger than those with a higher
hollow ratio. With respect to ductility, it is seen that specimens
with a lower hollow ratio had larger ductility. The descending
portion was initiated at 0.05 axial strain (about 16 mm) for
double-skinned HSCFST columns with a hollow ratio of 0.56,
while it was initiated at 0.03 axial strain (about 10 mm) for
double-skinned HSCFST columns with a hollow ratio of 0.72. A
sudden drop in strength after reaching the yield strength, which
was due to the HSC crushing, was observed in all specimens,
apart from those with the smallest ring spacing (¼ 5to). Depend-
ing on the ring spacing, the axial strength may increase again
after the drop due to the confinement provided by steel tubes and
rings. In particular, it is observed for D-A-85–25 that the
confining pressure provided by the steel tubes and rings was so
large that it compensated for the loss in axial strength after
yielding and further increased the axial load-carrying capacity.
Nevertheless, such a drop in axial strength was not observed in
NSCFST columns. This is because NSC is more ductile than
HSC, so the strength decreases more gradually in the post-elastic
stage. Furthermore, it is also seen that the slope of the ascending
Figure 5. Test set-up and compression machine
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portion after the drop increases as the ring spacing decreases.
This implies that the confining pressure was built up more rapidly
for double-skinned HSCFST columns with smaller ring spacing.
Load-carrying capacity enhancement and strength-to-
weight ratio
From Figure 6, it is seen that double-skinned NSCFST and
HSCFST columns provided with smaller external ring spacing
could attain higher strength because the external steel rings
together with the outer tube can provide a more uniform,
continuous and larger confining pressure to the infilled concrete.
Table 2 summarises the load-carrying capacity (defined as the
measured strength up to 0.05 axial strain) of the tested columns.
From the table, it can be found that the load-carrying capacity of
ring-confined double-skinned CFST columns was larger than that
of the unconfined double-skinned CFST columns. The enhance-
ment ratio for load-carrying capacity increases as the ring spacing
decreases.
From Table 2 it is seen that the improvement in the load-carrying
capacity for double-skinned CFST columns decreases as the
hollow ratio increases. For double-skinned NSCFST columns
with a hollow ratio of 0.56, the average enhancement between
ring-confined and unconfined double-skinned NSCFST columns
is 11.5%, while the maximum enhancement is 21.5% for D-A-
50–25. On the other hand, for double-skinned NSCFST columns
with a hollow ratio of 0.72, the average enhancement between
ring-confined and unconfined double-skinned NSCFST columns
is 9.5%, while the maximum enhancement is 20.0% for D-B-50–
25. From the same table, it is also seen that for double-skinned
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Figure 6. (a) Load–displacement curves of double-skinned
NSCFST columns with a hollow ratio of 0.56; (b) load–
displacement curves of double-skinned NSCFST columns with
a hollow ratio of 0.72; (c) load–displacement curves of
double-skinned HSCFST columns with a hollow ratio of 0.56;
(d) load–displacement curves of double-skinned HSCFST columns
with a hollow ratio of 0.72
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HSCFST columns with a hollow ratio of 0.56, the average
enhancement between ring-confined and unconfined double-
skinned HSCFST columns is 7.5%, while the maximum enhance-
ment is 17.7% for D-A-85–25. On the other hand, for double-
skinned HSCFST columns with a hollow ratio of 0.72, the
average enhancement between ring-confined and unconfined
double-skinned HSCFST columns is 3.0%, while the maximum
enhancement is 9.1% for D-B-85–25. The reasons have been
given in the previous section.
Comparing the load-carrying capacity enhancement ratios, it is
observed that the enhancement ratio of double-skinned NSCFST
columns was larger than that of double-skinned HSCFST
columns. This is because the lateral dilation of NSC is larger than
that of HSC. In such a passive-confined structure, the smaller
dilation results in a smaller confining pressure provided by the
steel tubes rings. This implies that the same confining pressure
provided to HSCFST columns can only be achieved by installing
more external confinement than that in NSCFST columns for the
same load-carrying capacity enhancement ratio.
One of the important advantages of using double-skinned CFST
columns is the higher strength-to-weight ratios. The strength-to-
weight ratios of all tested specimens are listed in Table 3. The
obtained strength-to-weight ratios of double-skinned HSCFST
columns were compared with that of the respective NSCFST
Specimen label Load-carrying
capacity: kN
Enhancement
ratio: %
Specimen label Load-carrying
capacity: kN
Enhancement
ratio: %
D-A-50–25 3464 21.5 D-B-50–25 3209 20.0
D-A-50–50 3107 8.9 D-B-50–50 2873 7.4
D-A-50–75 2971 4.2 D-B-50–75 2946 10.2
D-A-50–100 —a —a D-B-50–100 2688 0.5
Average 11.5 Average 9.5
D-A-50–0 2865 0.0 D-B-50–0 2674 0.0
D-A-85–25 3788 17.7 D-B-85–25 3266 9.1
D-A-85–50 3393 5.4 D-B-85–50 3049 1.8
D-A-85–75 3434 6.7 D-B-85–75 3023 1.0
D-A-85–100 3222 0.1 D-B-85–100 2997 0.1
Average 7.5 Average 3.0
D-A-85–0 3218 0.0 D-B-85–0 2994 0.0
a Result is not included because of poor concrete compaction.
Table 2. Load-carrying capacity enhancement ratios
Specimen label Strength-to-
weight ratio:
3104
Specimen
label
Strength-to-
weight ratio:
3104
Enhancement
ratio: %
D-A-50–25 1.47 D-A-85–25 1.60 9.4
D-A-50–50 1.40 D-A-85–50 1.53 9.2
D-A-50–75 1.39 D-A-85–75 1.60 15.6
D-A-50–100 —a D-A-85–100 1.52 —a
D-A-50–0 1.42 D-A-85–0 1.59 12.3
D-B-50–25 1.48 D-B-85–25 1.50 1.8
D-B-50–50 1.42 D-B-85–50 1.51 6.1
D-B-50–75 1.50 D-B-85–75 1.54 2.6
D-B-50–100 1.39 D-B-85–100 1.55 11.5
D-B-50–0 1.46 D-B-85–0 1.63 12.0
Average 8.3
aResult is not included because of poor concrete compaction.
Table 3. Strength-to-weight ratios
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columns and the enhancement ratios calculated. For concrete
strength of 50 MPa, the strength-to-weight ratios were about
1.443 104, while the maximum was 1.503 104 for D-B-50–75.
For concrete strength of 85 MPa, the strength-to-weight ratios
were about 1.563 104, while the maximum was 1.633 104 for
D-B-85–0. It is seen that the strength-to-weight ratio of double-
skinned CFST columns increases as concrete strength increases.
The average enhancement ratio of the strength-to-weight ratio
was 8.3% by comparing double-skinned HSCFST with NSCFST
columns. However, for columns with the same concrete strength
and hollow ratio, the provision of external confinement does not
improve the strength-to-weight ratio significantly because the
steel rings also increase the self-weight of the columns. There-
fore, if a higher strength-to-weight ratio is to be achieved, it is
more effective to increase the concrete strength rather than
providing external confinement.
Poisson ratio
The effectiveness of the external confinement in improving the
imperfect interface bonding can be directly studied by the Poisson
ratios of the specimens calculated by the slope of the initial
straight line portion of the lateral strain against longitudinal
strain. The results are listed in Table 4. It is worth noting that
there are three measurements for the lateral strain of the double-
skinned CFST columns: method 1 – strain gauges installed on
the external rings; method 2 – extensometers on the circumfer-
ence of the steel tube; method 3 – strain gauges installed on the
outer steel tube. Method 1 measured the lateral strain of the steel
tube at ring level, which represented the lateral deformation at
confined level. Method 2 measured the average lateral dilation
(strain) between rings, which represented the circumferential
expansion of the specimen at unconfined level. Method 3
included the localised strain of steel tube between rings. From the
table, it can be seen that the Poisson ratios of the double-skinned
NSCFST and HSCFST columns obtained from method 1 are
significantly smaller than the Poisson ratio of concrete (which is
0.2) at the elastic stage. This indicates that the external rings are
very effective in restricting the lateral dilation of the infilled
concrete and the steel tube, and hence able to provide effective
lateral restraint points.
Negative Poisson ratio was measured in some double-skinned
HSCFST columns. This may be due to the fact that the points
of contra-flexure were located at the ring levels because they
are effective lateral restraint points. When concrete was crushed
at these locations, it would cause the tube to bend slightly
inwards, which caused compressive strain in the steel ring. On
the other hand, the Poisson ratios of the columns obtained from
method 2 are similar to that of plain concrete (i.e. close to
0.2), which implies that an intact bonding was able to be
provided to the core concrete. However, Poisson ratios obtained
from method 3 were about 0.3, which means that the interface
bonding between concrete and steel was partially intact at
certain localised areas, where bulging out of the steel tube
would have occurred under compression between ring levels.
Elastic stiffness and elastic strength enhancement
Because of the improved interface bonding and the larger
confining pressure provided to the infilled concrete, the elastic
axial stiffness of the ring-confined double-skinned CFST col-
umns was enhanced. The extent of elastic stiffness enhancement
is shown in Table 5, which summarises the elastic stiffness
obtained for the tested columns. From the table, it is seen that
the stiffness of ring-confined double-skinned NSCFST columns
was larger than that of unconfined double-skinned NSCFST
columns. For columns with a hollow ratio of 0.56, the average
enhancement between ring-confined and unconfined double-
skinned NSCFST columns was 20.3%. The maximum enhance-
ment obtained was 27.6% for D-A-50–25, which had the
smallest ring spacing. For columns with a hollow ratio of 0.72,
the average enhancement between ring-confined and unconfined
double-skinned NSCFST columns was 31.2%. Again, the maxi-
mum enhancement of 46.9% was obtained for D-B-50–25,
which also had the smallest ring spacing. It is apparent that the
stiffness increases as the hollow ratio increases because of the
larger relative steel area and as the ring spacing decreases
because of stronger lateral restriction.
Specimen label Method
1
Method
2
Method
3
D-A-50–25 0.15 —a 0.35
D-A-50–50 0.08 0.14 0.31
D-A-50–75 0.18 0.22 0.34
D-A-50–100 0.19 0.21 0.33
D-A-50–0 —b 0.15 0.35
D-B-50–25 0.02 —a 0.31
D-B-50–50 0.11 0.16 0.34
D-B-50–75 0.04 0.18 0.34
D-B-50–100 0.08 0.11 0.32
D-B-50–0 —b 0.17 0.30
D-A-85–25 0.03 —a 0.30
D-A-85–50 0.01c 0.18 0.38
D-A-85–75 0.02 0.21 0.33
D-A-85–100 -0.01c 0.26 0.35
D-A-85–0 —b 0.24 0.34
D-B-85–25 0.02c —a 0.25
D-B-85–50 0.01c 0.13 0.37
D-B-85–75 0.13c 0.18 0.33
D-B-85–100 0.06 0.15 0.32
D-B-85–0 —b 0.23 0.40
a Result is not included because there is not enough room for the
installation of extensometers for D-A-50–25, D-B-50–25, D-A-85–25
and D-B-85–25.
b Result is not included because there is no external steel ring for
D-A–50–0, D-B–50–0, D-A–85–0 and D-B–85–0.
c Compressive strain in steel rings.
Table 4. Poisson ratios
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From the same table, it is seen that the stiffness of ring-confined
double-skinned HSCFST columns was larger than that of uncon-
fined double-skinned HSCFST columns. For columns with a
hollow ratio of 0.56, the average enhancement between ring-
confined and unconfined double-skinned HSCFST columns was
10.4%. The maximum enhancement obtained was 24.1% for
D-0.56–85–10. For columns with a hollow ratio of 0.72, the
average enhancement between ring-confined and unconfined
double-skinned HSCFST columns was 7.1%. Again, the maxi-
mum enhancement of 14.4% was obtained for D-B-85–100. The
maximum elastic stiffness was not obtained by D-A-85–25 and
D-B-85–25, which had the smallest ring spacing. This may be
because of the unexpected gap between the steel rings and outer
tube with poor workmanship.
The average elastic stiffness enhancement ratio of double-skinned
NSCFST columns was higher than that of double-skinned
HSCFST columns. This is because the initial lateral expansion of
NSC is smaller than that of HSC, which results in lower confining
pressure on HSC and smaller stiffness of double-skinned
HSCFST columns. However, the exact value of the stiffness of
the double-skinned NSCFST columns was lower than double-
skinned HSCFST columns. This is because the HSC had greater
stiffness than that of NSC.
The improvement in interface bonding will also increase the
elastic strength of double-skinned CFST columns. The enhance-
ment in elastic strength owing to the provision of external
confinement is summarised in Table 6. The elastic strength is
Specimen label Stiffness: GPa Enhancement
ratio: %
Specimen label Stiffness: GPa Enhancement
ratio: %
D-A-50–25 80.7 27.6 D-B-50–25 117.5 46.9
D-A-50–50 74.3 17.4 D-B-50–50 97.2 22.9
D-A-50–75 73.4 16.0 D-B-50–75 109.2 38.7
D-A-50–100 —a —a D-B-50–100 95.3 16.3
Average 20.3 Average 31.2
D-A-50–0 63.3 0.0 D-B-50–0 84.6 0.0
D-A-85–25 93.9 4.3 D-B-85–25 102.0 2.8
D-A-85–50 111.7 24.1 D-B-85–50 113.6 14.4
D-A-85–75 91.4 1.5 D-B-85–75 105.7 6.5
D-A-85–100 100.7 11.8 D-B-85–100 103.9 4.7
Average 10.4 Average 7.1
D-A-85–0 90.1 0.0 D-B-85–0 99.2 0.0
a Result is not included because of poor concrete compaction.
Table 5. Elastic stiffness enhancement ratios
Specimen label Elastic strength:
kN
Enhancement
ratio: %
Specimen label Elastic strength:
kN
Enhancement
ratio: %
D-A-50–25 2660 4.2 D-B-50–25 2591 3.4
D-A-50–50 2582 1.1 D-B-50–50 2439 -2.7
D-A-50–75 2596 1.7 D-B-50–75 2524 0.7
D-A-50–100 —a —a D-B-50–100 2518 0.5
D-A-50–0 2553 0.0 D-B-50–0 2506 0.0
D-A-85–25 3450 5.3 D-B-85–25 3076 3.0
D-A-85–50 3397 3.7 D-B-85–50 2979 0.0
D-A-85–75 3439 5.0 D-B-85–75 3036 1.7
D-A-85–100 3272 0.0 D-B-85–100 2996 0.3
D-A-85–0 3275 0.0 D-B-85–0 2986 0.0
a Result is not included because of poor concrete compaction.
Table 6. Elastic strength enhancement ratios
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defined as the strength after which the axial strain increases
more rapidly than the axial load, which can be identified at the
end of the initial elastic load–displacement curve. From Table 6,
it is evident that the elastic strength obtained for the ring-
confined double-skinned CFST columns is generally larger than
that of the respective unconfined double-skinned CFST columns.
The maximum enhancement in elastic strength obtained for
ring-confined double-skinned NSCFST columns with a hollow
ratio of 0.56 (0.72) was about 4.2% (3.4%) for D-A-50–25 (D-
B-50–25). The maximum enhancement in elastic strength
obtained for ring-confined double-skinned HSCFST columns
with a hollow ratio of 0.56 (0.72) was about 5.3% (3.0%) for D-
A-85–25 (D-B-85–25). Although the enhanced elastic strength
of double-skinned CFST columns is relatively small because of
the Poisson ratio of concrete, the elastic strength of the ring-
confined specimens was generally higher than the respective
unconfined specimen.
Failure modes
Figure 7(a) shows a schematic diagram of the unconfined double-
skinned CFST columns after failure. From the figures, it is
observed that the failure modes of these unconfined double-
skinned CFST columns were the fracture of the outer tube and
inward buckling of the inner tube (as shown in Figure 7(a)).
When the inner tube started to buckle owing to inward pressure
and axial load, the load-carrying capacity of the inner tube itself
would drop abruptly. Furthermore, the confining pressure pro-
vided to the infilled concrete reduced dramatically owing to the
inward buckling. As a result, during failure, there was a large
amount of axial load transferred to the outer tube, which
eventually caused the fracture of the outer tube and led to the
failure of the whole specimen. It is also observed that overall
buckling occurred at the mid-height of the specimens because the
effective length was the total height of the specimens. Elephant
foot was also observed at the outer tubes of both specimens
owing to elastic–plastic collapse of the axially loaded steel tube
subjected to internal pressure owing to large dilation of the
infilled concrete.
Figure 7(b) shows the failure modes of the ring-confined double-
skinned CFST columns with hollow ratios of 0.56 and 0.72
respectively. The failure modes of the specimens were the
fracture of the outer steel tube and/or steel rings. However, it can
be seen from the figure that the fracture of the outer steel tube
mostly occurred only between the external steel rings. This is
because the steel rings act as effective lateral restraints and
shorten the effective length of the specimen so that buckling of
the outer tube occurred only between the rings. Once the inward
buckling occurred in the inner tube, the large load was transferred
abruptly to the outer tube and core concrete, which would initiate
the buckling of the outer tube. As the axial deformation in-
creased, the hoop tensile strain that developed in the outer tube
reached the fracture strain, after which the load-carrying capacity
of the specimens dropped rapidly.
Ductility
In this paper, the ductility factor  is defined as the ratio of the
ultimate strain to the yield strain, which is given by
 ¼ u
y1:
Inward buckling of
inner tube
Overall buckling and
fracture of outer tube
Inward buckling of
inner tube
Elephant foot
(a)
Inward buckling of inner tube
Fracture of steel ring
Buckling and fracture of
steel tube between the rings
(b)
Figure 7. Failure modes of double-skinned CFST columns:
(a) unconfined double-skinned CFST column (b) ring-confined
double-skinned CFST column
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where u is ultimate axial strain defined as the axial strain at 85%
of the peak strength in the post-peak region while y is the yield
strain taken as the 0.2% proof strength.
The ductility factors calculated from Equation 1 are summarised
in Table 7 for each tested specimen. The points outlined below
can be observed from the table.
j The ductility of the double-skinned CFST column increased
as the spacing of external steel rings decreased. For NSCFST
columns with a hollow ratio of 0.56, the ductility increased
from 21 to 37 as the ring spacing reduced from infinity (i.e.
unconfined specimen) to 5to: For NSCFST columns with a
hollow ratio of 0.72, the ductility increased from 18 to 28 for
the same range of ring spacing. For HSCFST columns with a
hollow ratio of 0.56, the ductility increased from 16 to 39 as
the ring spacing reduced from infinity to 5to: For HSCFST
columns with a hollow ratio of 0.72, the ductility increased
from 3 to 38 for the same range of ring spacing. The
improved ductility is believed to be caused by the increased
confining pressure provided to the concrete by both steel tube
and external rings.
j The ductility of double-skinned CFST columns increased as
the hollow ratio decreased. The reason is that the confining
pressure provided to the infilled concrete reduced as the
hollow ratio increased, and hence the ductility was reduced.
j The ductility of double-skinned CFST columns decreased as
the concrete strength increased. For columns with hollow
ratios, the ductility decreased as concrete strength increased
for ring spacing larger than 10to: This is because the lateral
dilation of HSC is smaller than that of NSC. Nevertheless,
for ring spacing smaller than 10to, the difference in ductility
was not that significant. For these specimens, the confining
pressure provided was already very large and so that concrete
was very ductile. The failure of these specimens was
governed by the buckling/failure of inner steel tube, rather
than by the concrete.
Conclusions
A total of 20 double-skinned CFST columns with and without
external confinement by steel rings were tested under uni-axial
compressive load. The concrete strength of these specimens
varied from 50 to 85 MPa, the hollow ratio from 0.56 to 0.72 and
the ring spacing from 5to to 20to: The performance of these ring-
confined columns was compared to those of unconfined columns
in terms of axial load–displacement curves, load-carrying capa-
city, strength-to-weight ratio, Poisson ratio, elastic strength,
stiffness and ductility.
From the test results, it was observed that
j The load-carrying capacity (taken as the measured load at
0.05 axial strain) increased as the spacing of rings reduced,
but decreased as the hollow ratio increased.
j The strength-to-weight ratio increased as the concrete
strength increased; however, it was insensitive to the hollow
ratio and the spacing of external confinement.
j From the Poisson ratio measurement at different levels, it was
observed that the rings were effective in providing lateral
restraint points for tube buckling, whereas in between the
rings, the Poisson ratio varied between 0.2 to 0.3, which
meant that the interface bonding could be restored except for
localised area furthest away from the rings, in which the
bonding could only be partially restored.
j The elastic stiffness enhancement increased as the ring
spacing decreased; it also increased as the concrete strength
decreased.
j The ductility increased as the ring spacing decreased, as the
concrete strength decreased and as the hollow ratio increased.
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